Background: Particulate air pollution has been associated with lung and cardiovascular disease, for which lung inflammation may be a driving mechanism. The pro-inflammatory cytokine, tumor necrosis factor (TNF) has been suggested to have a key-role in particle-induced inflammation.
directed to the cytokines tumor necrosis factor (TNF) and macrophage inflammatory protein (MIP-2, also called CXCL2), which have been suggested to play an important role in particle-induced inflammation in the lung [2] . TNF itself has no chemotactic effect for neutrophils. Thus, the chemotactic effect of TNF is thought to be mediated through the induction of chemotactic cytokines, the so called chemokines. The chemokines, MIP-2 and keratinocyte derived chemokine (KC, also called CXCL1) are thought to be responsible for the recruitment of neutrophils in mice and exert their effect through binding to the same receptor CXCR2 [3] . MIP-2 and KC are considered to be murine homologues of the human interleukin-8 [4] . Furthermore, the chemokine macrophage chemotactic protein 1 (MCP-1, also called CCL2) has recently been suggested to be involved in DEP-induced inflammation [5] . MCP-1 acts by binding to the MCP-1 receptor (also called CCR2), which promotes both the maturation of monocytes to macrophages as well as their chemotactic recruitment [6] . Finally, the expression of interleukin-6 (Il-6) has been reported to be increased in particleinduced inflammation [7, 8] .
We recently reported from an inhalation study, that TNF was not required for DEP-induced inflammation when we evaluated the inflammatory effects after four repeated inhalation exposures in Tnf -/-and Tnf +/+ mice [7] . The aim of the present study was to examine the short term effects of DEP exposure, i.e. the effects up to two days after exposure. This was done 1) by evaluating the importance of Tnf and other inflammatory markers after exposure and 2) by investigating whether Tnf deficiency induces a change in the time course of inflammation induced by DEP. We evaluated the inflammatory response at the mRNA level, because cytokine expression seems to be regulated at the transcriptional level and by mRNA stability. Furthermore mRNA can conveniently be quantified in tissues. It has been shown that DEP up-regulates several genes involved in the inflammatory response, at both the mRNA and protein level in rats [5] .
Results

Changes in cytokine expression over time
To evaluate the time course of particle-induced inflammation, we measured the expression of five cytokines (Tnf, Il-6, Mip-2, Kc and Mcp-1) in the lung tissue from BALBcJ (study 1) and C57xCBA mice (study 2) exposed to a single Expression of mRNA is normalized to 18S rRNA and is multiplied by 10 7 . Mean ± S.D. is shown (n = 3-7). IL-6 data has been published previously [8] . *P < 0.05 versus air-exposed mice. **P < 0.01 versus air-exposed mice. 9.4 ± 6.7* 25 ± 18** Expression of mRNA is normalized to 18S rRNA and is multiplied by 10 7 . Mean ± S.D. is shown (n = 6-11). *P < 0.05 versus air-exposed mice. **P < 0.01 versus air-exposed mice.
dose of DEP by inhalation at different time points. Study 1 consists of experiments with mice that we have reported of previously [8] , and for which lung tissue in this study was reanalyzed for additional cytokines. Study 2 has not been reported of before. The results from the BALBcJ study and C57xCBA mice study are summarized in table 1 and  table 2 , respectively.
The Tnf response occurred relatively late. No change in Tnf mRNA levels was seen 1 hour after exposure to 80 mg/m 3 SRM1650 in BALBcJ mice compared to the mRNA level in mice exposed to filtered air, whereas the level was approximately 3-fold elevated (p < 0.01) 1 day later (Table 1) . A marginal response was also only seen 1 day after the inhalation of 20 mg/m 3 . Similarly, in the experiment with the C57xCBA mice exposed to 80 mg/m 3 SRM2975 the expression level of Tnf was increased 1 day after exposure (3-fold, p < 0.01), whereas the expression level of Tnf was the same as in the air-exposed mice in the time-period from 1-6 hours after exposure ( Table 2 ).
The expression level of the pro-inflammatory cytokine, Il-6 was elevated over the entire period in both the BALBcJ and C57xCBA mice after exposure to 80 mg/m 3 SRM1650 or SRM2975 (p < 0.01; Table 1 and 2). The highest level of expression was seen shortly after DEP inhalation (9-11-fold within six hours, p < 0.01) compared to the airexposed, while the expression level was increased 4-fold (p < 0.01) 1 day after exposure to 80 mg/m 3 . Shortly after exposure 20 mg/m 3 SRM1650 Il-6 was temporarily elevated by 2.5-fold, showing a clear dose-response relationship (Table 1) .
We measured the expression levels of the neutrophil chemotactic, chemokines, Mip-2 and Kc in BALBcJ mice exposed to a single dose of SRM1650 and C57xCBA mice exposed to a single dose of SRM2975. Mip-2 mRNA levels were increased in the BALBcJ mice exposed to 80 mg/m 3 both 1 hour (p < 0.05, 3-fold) and 1 day (p < 0.01, 8-fold) after exposure, whereas no change in expression levels was observed in the mice exposed to 20 mg/m 3 at any time point (Table 1 ). In the C57xCBA mice, the expression level of Mip-2 was only increased 1 day after inhalation (5-fold, p < 0.05) ( Table 2 ). The expression level of Kc was statistically significantly increased in the BALBcJ mice exposed to 20 mg/m 3 1 hour as well as 1 day after exposure, while there was no increase 3 hours after exposure (Table 1 ). In both BALBcJ and C57xCBA mice exposed to 80 mg/m 3 the expression level of Kc was statistically significantly increased at both 1-6 hours and 1 day after exposure (Table 1 and 2). The expression level of the chemokine, Mcp-1 was increased approximately 3-fold in the C57xCBA mice 1 to 6 hours (p < 0.01) and 1 day (p < 0.05) after exposure ( Table 2 ). The expression level of Mcp-1 was increased in the BALBcJ mice exposed to 80 mg/m 3 both 1 hour (7-fold) and 1 day (9-fold) after exposure (p < 0.01 and p < 0.05, respectively), whereas no increase in expression level was seen at any time point in mice exposed to 20 mg/m 3 ( Table 1) .
TNF deficiency
In a second set of experiments, we investigated the specific effect of TNF. This was done by comparing the inflammatory response in Tnf+/+ and Tnf-/-mice after either a single dose of 20 mg/m 3 SRM2975 (study 3) or multiple doses Tnf+/+ and Tnf-/-mice were exposed to a single dose of 20 mg/m 3 SRM2975. Expression of mRNA is normalized to 18S rRNA and is multiplied by 10 7 . Mean ± S.D. is shown (n = 4-5). *P < 0.05 versus air-exposed mice. **P < 0.01 versus air-exposed mice.
of 20 mg/m 3 SRM2975 (study 4). Study 3 is a new animal experiment, whereas we have reported of the animal experiments in study 4 before [7] , however, for which lung tissue was reanalyzed for new cytokines in this study.
Single dose study in Tnf deficient mice
We studied the time course of inflammation by measuring the expression levels of the cytokines In the Tnf+/+ mice the fraction of neutrophils in the BAL cells was strongly increased 1 (about 15-fold, p < 0.01) and 2 days after exposure (about 30-fold, p < 0.01) ( Table  3 ). In the DEP exposed Tnf-/-mice there were 2-3-fold more neutrophils compared to the air exposed. This was not significantly different, but there was also no stastistical difference between knock out mice and wild type at any time point. We measured the expression levels of the cytokines 
Discussion
It has been suggested that TNF is a key-player in particleinduced inflammation [2] , and that TNF is an inflammatory mediator upstream of MIP-2 and KC [9] . However, in a previous study, we exposed Tnf+/+ mice and Tnf-/-mice to DEP by inhalation, and showed that TNF is not required for DEP-induced inflammation [7] . In the present study we provide further evidence that TNF is not important in early DEP-induced inflammation. 3.4 ± 6.7 0.2 ± 0.3 12.3 ± 7.9** 16.5 ± 10.1** Expression of mRNA is normalized to 18S rRNA and is multiplied by 10 7 . Mean ± S.D. is shown (n = 7-8). Neutrophil, TNF and IL6 data has been published previously [7] . *P < 0.05 versus air-exposed mice. **P < 0.01 versus air-exposed mice.
important for early DEP induced neutrophilic inflammation.
Thus, we evaluated other signalling patways with the expression of four additional cytokines, Il-6, Mip-2, Kc and Mcp-1, in the early and late phase of the DEP-induced inflammatory process. The results from the BALBcJ [8] and the C57xCBA mice studies, show very clearly that Il-6 is expressed early in inflammation (1-6 hours after exposure) and that the expression of Il-6 has declined a day after exposure, although it is also elevated after repeated exposures.
The chemokines Mip-2 and Kc are strongly coupled to the influx of neutrophils in the rodent lung [4] , whereas MCP-1 is chemotactic for monocytes. MIP-2 and MCP-1 have both been linked to the inflammatory process in response to particles [2, 5] . All of these three cytokines were more expressed 1 hour after exposure to a high dose (80 mg/ m 3 ) independently of mouse strain or type of DEP. Mip-2 levels increased further 1 day after exposure and this also included the low dose of SRM2975, whereas a further increase in Mcp-1 mRNA levels only occurred after SRM1650 in BALBcJ mice and not with SRM2975. The mRNA levels of Kc were maximal at 1 hour after exposure to SRM1650 and even showed a decrease 3 hours after exposure to 20 mg/m 3 , although there was a slight further increase 1 day after exposure to 80 mg/m 3 SRM2974. Only the Kc level was significantly increased 1 hour after the low dose of 20 mg/m 3 SRM1650 in BALBcJ mice. Accordingly, Il-6, Mip-2, Mcp-1 and Kc are cytokines induced in the early phase of DEP-induced inflammation, while Tnf is expressed late at about a day after exposure. Mip-2 may have a more important role in the later phase as judged by the further increased expression 1 day after exposure. The results may be consistent with that DEP activates Toll like receptor 4 (TLR4) signalling because the Tnf response occurs late in this pathway. In fact, there are indications that air pollution particles stimulate the TLR4 pathway [10] [11] [12] . Bacterial lipopolysaccharide (LPS), the best studied stimulator of the TLR4 pathway, binds to the TLR4 and activates nuclear factor κB (NF-κB) mediated neutrophil inflammation. The TLR4 signals in two parallel pathways, both leading to activation of NF-κB. The MyD88 adaptor dependent pathway directly activates NF-κB, whereas in a later pathway, dependent on interferon-β adaptor molecule and probably on interferon-regulatory factor 3, NF-κB activation is dependent on de novo synthesis, secretion, and autocrine signalling by TNF over the TNF receptors [13, 14] . Moreover, a few studies support our results that TNF is of no or minor importance in particle-induced inflammation in the lungs of rodents. E.g., recently, a highly increased expression levels of the chemokines, Mcp-1 and Mip-2, but no change in Tnf, was found in BAL cells isolated from DEP (SRM2975) exposed rats [5] . This is in accordance with, that BALF from rats exposed to quartz by intratracheal instillation contained increased MIP-2 protein levels over the measured time period from 3 to 90 days after exposure, whereas TNF protein levels remained under the detection limit [15] . However, when comparing our study with the above mentioned studies, it should be noticed that they describe the long term effects of particles, i.e. the effects in a time window from 1-30 and 3-90 days after exposure, respectively, while this study describes short term effects of particles, i.e. 1 hr to 2 days after exposure.
As we have previously reported, Il-6 was upregulated upon repeated DEP exposure both in Tnf+/+ and Tnf-/-mice [7] . This might be consistent with a report showing that SRM2975 increased IL-6 in BALF, whereas no change in TNF protein levels were observed [16] . Although not statistically significant, the Il-6 expression level was higher 1 hour after exposure in both Tnf+/+ mice and Tnf-/-mice after a single dose exposure.
In the repeated dose TNF study, both the Tnf+/+ and Tnf-/ -mice responded with an increase in Mip-2 response in the lungs. The Mip-2 induction was similar in Tnf+/+ and Tnf-/-mice. This is surprising because MIP-2 was believed to be an inflammatory marker downstream of TNF [9] . MIP-2 has been strongly linked to the influx of neutrophils [2] . In the single dose TNF study, the level of expression of Mip-2 was increased in the Tnf+/+ mice 1 day after exposure and borderline significant 2 days after exposure. The Mip-2 expression tended to correlate with the influx of neutrophils, because the influx of neutrophils was statistically significant 1 day and 2 days after exposure. Similarly, TNF receptor 1 deficient mice had an intact neutrophil infiltration after pulmonary exposure to silica [17] . No increase in Mip-2 mRNA levels was seen in the single dose exposed Tnf -/-mice at any time: Possibly, there is a threshold for the induction of Mip-2 in the Tnf -/-mice, because the repeated exposure in the Tnf deficient mice resulted in a Mip-2 response. In the repeated dose experiment, the expression of Kc was only increased in the Tnf -/-mice, which together with the results from the BALBcJ and C57xCBA mice suggests that TNF exerts an inhibitory effect on Kc expression.
MIP-2 and KC are both chemotactic for neutrophils and have been suggested to be redundant [18] . MIP-2 has a higher affinity to the CXCR2 receptor than cytokineinduced neutrophil chemoattractant (CINC), the rat analogue to KC, and is a more potent chemotactic factor for neutrophils [19] . The expression of Kc increased earlier than Mip-2. This is consistent with a recent report that CINC (KC) apparently functions as a priming signal to the neutrophils, which afterwards are attracted to the more potent but local chemoattractant MIP-2 in the lung [20] . Recently, it was reported that primary embryonic fibroblasts from Tnf-/-mice had intact LPS induction of Mcp-1 expression levels [13] . Knock out mice with abrogated MCP-1 signalling have indeed impaired macrophage and neutrophil infiltration upon some toxic stimuli to the lung [9] [10] [11] . This calls for further research into the importance of TLR4, MCP-1 and other early response signalling in particle-induced inflammation.
In one of our experiments we used the SRM1650 material which is particulate matter collected from a heavy-duty diesel engine. Because this is not available any more, we used SRM2975 in the rest. SRM2975 is a DEP preparation collected from a diesel-powered industrial forklift. The DEP materials differ in their chemical composition. E.g., SRM 1650 contain a higher amount of metals and PAHs than SRM 2975 [21, 22] . Although we have not compared this in depth, similar responses were obtained using the two different DEP preparations although the SRM1650 seemed to give a stronger response particularly with respect to MCP-1.
These experiments were performed using several different mouse strains. There were minor differences in expression patterns, which may be ascribed to strain or DEP material effects. The overall picture was consistent across mouse strains, indicating that the observed effects are not strain specific. . In all four parts, the mice were exposed by inhalation for 90 minutes either one single time (study 1, 2 and 3) or repeated on each of four consecutive days (study 4) in an 18 l noseonly exposure chamber.
Conclusion
1) The design of the single dose exposure of BALBcJ mice has been described elsewhere [8] . In summary, the mice were exposed to either 20 mg/m 3 or 80 mg/m 3 SRM1650 and the endpoints were analyzed 1 hour, 3 hours or 1 day (22 hours) after exposure.
2) C57xCBA mice were exposed to a single dose of 80 mg/ m 3 SRM2975. Endpoints were analyzed at different time points.
3) In the third study, the mice were exposed a single time to 20 mg/m 3 SRM 2975 at similar conditions as the repeated exposure. Endpoints were analyzed 1 hour, 1 and 2 days after end of last exposure. Study 2 and our previous studies show that the levels of expression of inflammatory cytokines are unchanged over time in the airexposed mice [8] . On that background and because of ethical considerations, we chose only to evaluate the airexposed mice at a single time point.
4) The design of the repeated exposure has been described in detail elsewhere [7] . In brief, we exposed Tnf-/-mice and Tnf+/+ mice by inhalation to 20 mg/m 3 DEP or filtered air for 90 min on each of four consecutive days. One hour after the last inhalation the mice were killed and organs were snap frozen in liquid nitrogen and stored at -80°C. Endpoints were analyzed.
The particles were aerosolized by a microfeeder with dispersion nozzle (Fraunhofer Institut für Toxikologie and Aerosolforschung, Hannover, Germany). The number of particles was measured by a condensation particle counter (TSI model 3022A). The numbers of particles in the single dose TNF study and C57xCBA study were about 9.1·10 5 / cm 3 and 3.0·10 6 /cm 3 , respectively. Particle numbers in the multiple-dose TNF study and the BALBcJ study are described elsewhere [7, 8] . The particle concentration was measured four times during exposure by weighing of filters. The particle concentrations in the single dose TNF study and C57xCBA study were approximately 20 mg/m 3 and 80 mg/m 3 , respectively.
